Imaging of cell membrane topography is important for a clear understanding of the various biological activities of cells. We propose a technique for imaging the cell membrane topography that uses a metal-photonic crystal structure instead of a glass-water interface used in conventional polarized total internal reflection fluorescence microscopy (pTIRFM) techniques. Through the metal-photonic crystal of the proposed technique, the fluorophore labels on the cell membrane can be excited by both the p-and s-polarized excitation light, and in each case, the p-and s-polarized radiation from the excited fluorophores can be separated to form an image. We calculate the images of the cell membrane topography that is fusing a granule using the proposed technique and pTIRFM. The image obtained by the proposed technique shows a much greater contrast with respect to the background than that of the image obtained by pTIRFM. We also find that the structural similarity index of the image obtained by the proposed technique to a reference image is ∼77%, which is only ∼16% for the image obtained by pTIRFM. The proposed technique will help to obtain a clearer and more accurate image of the cell membrane topography, and hence, a deeper understanding of different biological activities.
Introduction
The cell membrane defines the physical boundary of a cell as a semi-permeable barrier between the intracellular components and the extracellular environment. The cell membrane controls the movement of substances into and out of the cells. The cell membrane also provides shape to the cells and helps the cells to migrate and undergo shape changes [1] [2] [3] . The local topography of the cell membrane changes due to a number of biological phenomena such as when the cells actively transport molecules into or out of the cells, i.e., during endocytosis and exocytosis, and when the cell membrane fuses with a vesicle [4] [5] [6] [7] [8] [9] [10] . Study of these important biological phenomena is crucial to understand how a cell interacts with the surrounding environment, which requires imaging the temporal and spatial topographical changes of the cell membrane.
Various electronic techniques such as atomic force microscopy, scanning ion conductance microscopy, and electron microscopy, as well as various optical techniques such as interference reflection microscopy, total internal reflection fluorescence microscopy, photoactivated localization microscopy, and confocal microscopy have been developed to image the cell membrane [11] [12] [13] [14] [15] [16] . While the electronic microscopy techniques provide a much higher resolution than that of the optical microscopy techniques, the high energy electrons used in the electronic microscopy techniques usually destroy live cells [17] . Therefore, the electronic microscopy techniques cannot be applied to study the real-time changes in the cell membrane. Additionally, the electronic microscopy techniques require an extensive sample preparation, which makes them less suitable for studying biological phenomena. By contrast, while optical microscopy techniques do not destruct the live cells and require less sample preparation, the change in the index of refraction due to the change in the topography of membrane is small so that imaging with phase-based methods often fails to capture features of the membrane topography [18] . In confocal microscopy, images are formed from the collection of fluorescence that is emitted from a sampledepth of nearly a wavelength. Therefore, if confocal microscopy technique is used to image the cell membrane, the background noise becomes too strong as the thickness of the cell membrane is much smaller than the wavelength of the incident light. However, the excitation depth of the sample can be limited to a thin region of ∼100 nm, and therefore, a high signalto-noise ratio can be achieved using total internal reflection fluorescence microscopy (TIRFM). Therefore, TIRFM is suitable for imaging small structures or molecular assemblies as well as the cell membrane topography [4] .
A modified version of TIRFM, i.e., polarized total internal reflection fluorescence microscopy (pTIRFM), is particularly suitable for imaging the cell membrane topography, as it uses the interplay of the polarization of the excitation light and the orientation of the cell membrane to image the topography [19] [20] [21] . In pTIRFM, the cell membrane is labeled with a lipid fluorophore probe, e.g., diI, that has its dipole moment lying parallel to the membrane surface. The labeled membrane sample is excited sequentially by evanescent p-and s-polarized light, so that the fluorophores with horizontal and vertical dipole moments are excited separately. The p-and s-images acquired by the p-and s-polarized excitations provide information about the orientation of dipole moments of the fluorophores that are embedded within the cell membrane. Therefore, in essence, p-and s-images, and their ratio p/s-image provide information about the local orientation of the membrane [22, 23] .
If a thin metal film is placed between the fluorophores and glass substrate of a pTIRFM structure, the power coupled to the glass substrate and the far-field radiation pattern for horizontally and vertically oriented fluorophores change significantly from that in a structure without the metal layer [24] [25] [26] [27] [28] . Due to the presence of the metal layer, a highly polarized and sharply directed angular light cone known as surface plasmon coupled emission (SPCE) is created from the metal-glass substrate interface [29] [30] [31] . SPCE has important applications in microscopy and sensing of bio-molecules [32] [33] [34] . An SPCE-based technique has a very low detection volume compared to other surface-based techniques as both the excitation field of the fluorophores and the coupled field to the metal layer from the excited fluorophores decay sharply with the distance of the fluorophores from the metal layer [35] [36] [37] [38] [39] . However, in an SPCE-based technique, fluorophores cannot be excited by s-polarized light, as the transmittance of s-polarized light is very low for a thin metal film [29, 40] . Therefore, if used for imaging the cell membrane, an SPCE-based technique cannot provide similar amount of information about the fluorophore orientation as provided by pTIRFM technique. Recently, a hybrid photonic-plasmonic structure has been proposed to modify the radiation of fluorophores, where a one-dimensional photonic crystal structure is attached between a metal layer and a glass substrate with the fluorophores placed on the metal layer [41] [42] [43] [44] [45] . Such a structure supports surface plasmons in metal-superstrate interface and Tamm plasmons in metal-photonic crystal interface [46] . The radiation of fluorophores couples to Tamm plasmons and causes directional radiation in the substrate, which is called Tamm plasmon coupled emission (TPCE). In contrast to what happens in an SPCE structure, in a TPCE structure, fluorophores can be excited by both p-and s-polarized light when excitation light is incident through the glass substrate. Also, a TPCE structure can be designed in a way so that fluorophores with horizontal and vertical dipole moments radiate at different angles through the substrate.
In this work, we propose a novel approach of imaging the cell membrane topography based on TPCE. In our proposal, a fluorescently labeled cell membrane should be placed on a TPCE structure that has different reflectance minima angles for incident p-and s-polarized light at both excitation and emission wavelengths. The fluorophores are excited separately by pand s-polarized light. The emission of the excited fluorophores depends on the orientation of the fluorophores. The orientation-dependent emission can be collected through the TPCE structure as it has two reflection minima angles for p-and s-polarized light. If fluorophores are oriented along the orientation of the cell membrane, the collected light at two different reflectance minima angles for each of p-and s-polarized excitations can be used to make an image of the orientation or topography of the cell membrane. In this work, we develop a step-by-step theoretical approach to calculate the created image of the cell membrane using the proposed technique. We apply the developed theoretical approach to calculate the image of a diI-labeled cell membrane that is fusing a granule. We find that the image obtained using the proposed technique has a much greater contrast ratio with respect to the background noise when compared to that obtained using a pTIRFM technique. For a quantitative analysis of the quality of the obtained images, we calculate the structural similarity (SSIM) indices of the images obtained using the proposed and pTIRFM techniques with respect to a reference image. We find a maximum SSIM of ∼77% for the image obtained using the proposed technique, which is ∼16% for the image obtained using a pTIRFM technique.
The rest of the paper is organized as follows: in section 2, we present and discuss the proposed technique and the TPCE structure used in the proposed technique. In section 3, we present and discuss a feasible experimental setup for the proposed technique. In section 4, we develop a step-by-step theoretical approach to calculate the image obtained using the proposed technique. In section 5, we describe the steps to be carried out to obtain images of the cell membrane topography using the proposed technique. In section 6, we apply the proposed technique to theoretically create an image of the cell membrane that is fusing a granule. We compare the proposed technique with pTIRFM by calculating SSIM indices of the images obtained by both techniques with respect to a reference image. In section 7, we draw conclusions on the findings.
Proposed technique
We show a schematic illustration of the proposed technique in figure 1. In the proposed technique, the fluorescently labeled cell membrane is placed on a metal layer, which is deposited on a one-dimensional photonic crystal. A glass substrate holds the metalphotonic crystal structure. When light is incident on the metal layer from the radiating fluorophores, Tamm plasmon modes are excited at the metalphotonic crystal interface and light is emitted at multiple sharply directed angles through the glass substrate [41, 47] . In this work, we design a TPCE structure that has different reflectance minima angles for p-and s-polarized light at both excitation and emission wavelengths of the fluorophore. We denote the reflectance minima angles as q p and q s for p-and s-polarized incident light, respectively, at the excitation wavelength of the fluorophore. The different reflectance minima angles for p-and s-polarized light allow the fluorophores to be excited by either ppolarized excitation light incident at p-polarized reflectance minimum angle or s-polarized excitation light incident at s-polarized reflectance minimum angle through the glass substrate as shown in figure 1 .
The fluorophores emit at two different angles through the structure when they are excited by either p-or s-polarized light. We denote the reflectance minima angles as q 1 and q 2 for p-and s-polarized incident light, respectively, at the emission wavelength of the fluorophore. In the proposed technique, the sample is first excited by p-polarized light, which results in two images collected at q 1 and q 2 . Then the sample is excited by s-polarized light, which results in two more images collected at q 1 and q 2 . These four images and their ratios provide information about the orientation of the cell membrane.
The designed one-dimensional photonic crystal for the proposed technique consists of alternating layers of relatively low index (L) SiO 2 and relatively high index (H) Si 3 N 4 materials. SiO 2 and Si 3 N 4 layers have thicknesses of 65 nm and 100 nm, respectively. The sequence of SiO 2 and Si 3 N 4 layers, starting from the layer immediately on the glass substrate, can be written as (HL) 5 H. The metal layer is a 50-nm-thick silver layer. The cell, immersed in water, is placed on the metal layer. The aqueous extracellular environment, the cell membrane, and the intracellular components create a three-layer system in the sample [48] . Since the sample penetration depth of the excitation field is on the order of ∼150 nm, which is much smaller than the thickness of a cell, which is typically on the order of ∼1 μm, the intracellular components can be assumed to extend to infinity in the z-direction [49] . The thin cell membrane of only ∼10 nm can be neglected in calculations as it does not affect the results [50] . We assume the sample to have the refractive index of cytosol as also has been assumed in [19, 23, 51] . Therefore, the cell sample is modeled as a uniform medium with a refractive index of the cytosol and the cell membrane is modeled as a surface of infinitesimal thickness. However, in practice, there may be some scattering of the excitation light as well as of the light emitted by the diI fluorophores due to the non-uniform refractive indices in the intracellular components, cell membrane, and extracellular environment. The scattering due to non-uniform refractive indices may decrease the collection efficiency and lead to collection of the scattered field as noise. The refractive indices of different materials are given in table 1.
We calculate the reflectance characteristics of the designed TPCE structure with the cell placed on the metal layer against incidence angles by Berreman's 4×4 matrix method [52] [53] [54] . In figure 2 (a), we show the reflectance profile of the structure for light incident from substrate side at the excitation wavelength of the diI fluorophore. The reflectance profile at the excitation wavelength has two different minima for pand s-polarized incident light, i.e., q =  66.8 p and q =  63.7 s . In figure 2(b), we show the reflectance profile of the structure for light incident from metal side at the emission wavelength of the diI fluorophore. The reflectance profile at the emission wavelength has two different minima for p-and s-polarized incident light, i.e., q =  68.8 1 and q =  61.3 2 . In the proposed technique, the emission through the glass substrate can be collected by a high numerical aperture objective and selectively sent to an image acquiring mechanism through a confocal aperture similar to that used in [37, 55] .
Although we have used SiO 2 and Si 3 N 4 layers to design the proposed TPCE structure, other material systems such as GaAs/AlGaAs, GaAs/AlAs, and SiO 2 /TiO 2 can be used as well [56] [57] [58] [59] . In the proposed technique, the obtained images will mainly depend on the reflectance characteristics of the Tamm plasmon structure, which depend on the thicknesses of the alternating layers. Similar reflection characteristics, as shown in figure 2, can be achieved with appropriate layer thicknesses of GaAs/AlGaAs, GaAs/ AlAs, and SiO 2 /TiO 2 material systems. The alternating dielectric layers and silver metal layer of the proposed structure can be grown using plasma enhanced chemical vapor deposition (PECVD) and sputtering techniques, respectively. Although PECVD and sputtering techniques are widely used to grow sharp interfaces between alternating dielectrics and metal layers, the layer thicknesses may have an uncertainty or roughness on the order of ∼1 nm in practice [60] [61] [62] . Therefore, the designed layer thicknesses of dielectric materials and metal in the proposed structure may vary by 2% in an actual structure, which is not significant to alter the behavior of the designed structure. To find out the change in the reflectance characteristics due to uncertainty in the growth of the dielectric materials and metal, we simulated cases with SiO 2 thickness 65±4 nm, Si 3 N 4 thickness 100±5 nm, and silver layer thickness 50±5 nm. In each case, we found that the angles corresponding to two reflection minima are separated by at least twice of the full-width at half-maximum (FWHM) of the reflectance curves. Therefore, even if the layer thicknesses vary significantly from the design values, the reflectance profiles for p-and s-polarized light will not overlap and the performance of the proposed technique will not change noticeably. We also note that the Tamm plasmon structures have shown reproducible characteristics and theoretical predictions calculated with designed values of the layer thicknesses have matched well with the experimental findings [41, 42] .
While the reflectance minima angles may change noticeably when the layer thicknesses change, the FWHM of the reflectance spectra does not change much. In the proposed technique, the FWHM of the reflectance spectra should be less than the separation between the p-and s-polarized minima angles. The FWHM of the reflectance spectra mainly depends on the damping rate of the metal [40] . The higher the damping rate in the metal, the lower the Q-factor and the greater the FWHM of the reflectance spectra become. In the designed structure, the separation between the reflection minima for p-and s-polarized incidence is • 3.1 . Silver is a low-loss metal that is widely used for plasmonic structures, and a FWHM of 1°is achievable in the proposed structure.
Feasible experimental setup
Now, we discuss the feasibility of practical implementation of the proposed technique. The overall experimental setup for the proposed technique will not be much different from that for pTIRFM technique, which has been used for studying the cell membrane dynamics for about two decades [19, 23] . TIRFMbased systems have been developed to precision and are commercially available [63]. TIRFM and pTIRFM systems are usually built on an inverted microscope, where both the light that excites the sample and the light that is collected from the emission of fluorophores pass through the objective lens [64] . The differences in the implementation of the proposed technique from pTIRFM lie in using a glass coverslip coated with metal-photonic crystal Tamm plasmon structure instead of a simple glass coverslip, exciting the sample at two different angles for p-and s-polarized light, and collecting and separating fluorescence emitted through two different angles. A detail discussion on fabrication and preparation of the coverslip that can be used in the proposed technique can be found in [42] . In figure 3, we show a schematic illustration of a feasible experimental setup for the proposed technique. In the following, we discuss the excitation and collection mechanisms in detail. 
Excitation of fluorophores
As shown in figure 3 , the linearly polarized light from a laser source will pass through a quarter-wave plate so that the polarization of light changes to circular or elliptical. The circularly or elliptically polarized light will be incident on a polarization cube PC 1 , which reflects the vertical component but passes the horizontal component of the electric field. The vertical and horizontal components will become p-and s-polarized excitation light, respectively. A second polarization cube PC 2 and mirror M 1 will recombine the vertical and horizontal components of the electric field. Since p-and s-polarized light will illuminate the sample sequentially, two shutters S 1 and S 2 will be used to control the vertical and horizontal components. The light coming out of PC 2 will be reflected by mirror M 2 on to the dichroic mirror DC. DC will act as a longpass filter and will spectrally separate the excitation and emission light by reflecting and transmitting as a function of wavelength. The reflected light by DC will pass through the objective lens and incident on the coverslip at reflection minimum angle to excite the sample. The objective lens will change position so that p-and s-polarized light can be incident at q p and q s angles, respectively. Therefore, the control of the objective lens will be coupled to the control of shutters S 1 and S 2 .
Collection of fluorescence
The light emitted by the fluorophores will be available at q 1 and q 2 angles, and will be focused to a point by the objective lens. For the designed TPCE structure> , , . Therefore, maximum numerical aperture required for the proposed system is ∼1.37, which is smaller than ∼1.47 that is usually obtained in available objective lens [65, 66] . The emission light coming out of the objective lens will pass through DC and will be reflected by mirror M 3 . The reflected light will be incident on polarization cube PC 3 and will be separated into vertical and horizontal components that are transmitted through q 1 and q 2 angles. The vertical and horizontal components will be added by another polarization cube PC 4 and mirror M 4 . Shutters S 3 and S 4 will control the collection of vertical and horizontal components of the electric field. The control of shutters S 3 and S 4 will be coupled to the control of shutters S 1 and S 2 . For each of S 1 and S 2 turn-on periods, S 3 and S 4 will turn on and off sequentially so that for each polarization of incident light, two images can be captured for emission at q 1 and q 2 angles. The light coming out of PC 4 will be reflected by mirror M 5 and captured on an electronmultiplying charge-coupled device (CCD) camera, which will be connected to a computer for postprocessing of the captured images.
We note that the shutters and objective lens will be controlled by microprocessors and their operational parameters will be set in the imaging software [64] . The position of the objective lens can be precisely controlled to focus light on the coverslip at either q p or q s without any noticeable error. The objective lens can be controlled piezoelectrically over a broad range of 1 mm with a fine resolution of ∼1 nm [67]. The time required to excite the sample and capture one set of images using the proposed technique will be limited by the shutter speed and the speed at which the objective lens can change position for p-and s-polarized incident light. The speed of the state-of-the-art shutters is on the order of ∼25 ms [63, 68]. While a motorized control of the objective lens can be cheaper, piezoelectrically controlled objective lens can step and settle in only ∼20 ms [67]. Therefore, we can expect that a set of images will be captured in few hundred milliseconds using the proposed technique. Since biological phenomena related to the cell membrane usually occur on a time scale from tens of minutes to several hours, the proposed technique will be well suitable for capturing real-time changes of the cell membrane.
Theoretical modeling
4.1. Collected fluorescence from a distribution of fluorophores Fluorophores are molecules that absorb light at a certain frequency and emit light at a different frequency. If an external electric field E ex is incident on a fluorophore that has a unit dipole moment m ex , the power absorbed by the fluorophore is proportional to m | · | E ex ex 2 , which is called the excitation probability [69, 70] . The emission characteristics of the excited fluorophore can be calculated by modeling it as an electric dipole that has a moment m em , where m = | | 1 em . If the fluorophore is situated near a planar and layered structure, which is inhomogeneous only in the z-direction, only a portion of the total emitted power reaches on the other side of the structure. The imaging optics focus this power on the image plane, which is situated at a fixed distance from the structuresample interface. The ratio of collected power at the image plane to total emitted power is denoted as the collection efficiency m ( ) Q z, em of the structure, which depends on the height z of the fluorophore from the planar structure and m em . So, the fluorescence power collected at a stationary image plane from a single fluorophore situated at height z from a planar structure is proportional to m m
In the TPCE structure of the proposed technique, we assume that the metal-sample interface is situated at z=0 and the sample is at > z 0. Let us consider a distribution of dipoles, specified by a location-and orientation-dependent concentration Q F ( ) C z, , , where Θ and Φ are the zenith and azimuthal angles of the unit emission dipole moment m em in the global coordinate system as shown in figure 4(a). Since the dipoles oscillate incoherently with respect to one another, the total collected fluorescence power due to this distribution of dipoles is an integral of the collected power from individual dipoles. The collected far-field steady-state fluorescence intensity emitted by an ensemble of dipoles from a pixel, which is mathematically defined as a point (x, y), can be written as [69, 70] where W = Q Q F d sin d d and k is a pixel-independent constant, which depends on the unit conversion factors and the squared strength of the excitation dipole moment. As intensity is collected pixel-bypixel, we omit the arguments (x, y) in the mathematical formulation that follows and concentrate on a single pixel.
Fluorescence from labeled cell membrane
Cell membrane can be mathematically modeled as a surface of arbitrary topography. The orientation of an infinitesimal section of a cell membrane is known if its area normal vector's zenith angle (θ) and azimuthal angle (f) in global coordinate system are known. The local membrane coordinate system has its ¢ z -axis along the membrane area normal, and the ¢ x -axis in the z-¢ z plane. The global and local coordinate systems for the cell membrane are shown in figure 4(a) . The distribution of the fluorophores that are used to label the membrane depends on the local membrane coordinate system. However, to calculate the collected radiation, we need to describe the emission dipole moments in global coordinate system. If the moment of an embedded dipole in a cell membrane is in the
in the local coordinate system, then the direction of the moment in global coordinate system will be m m m m In this work, we neglect the small rotational diffusion between the absorption and emission dipoles and assume that m m = em ex [69] . It has been experimentally found that the emission dipole moments of a number of fluorophores have q p ¢ » 2 and f¢ uniformly distributed in the range p [ ] 0, 2 when the fluorophores are embedded in the cell membrane, as shown in figure 4(b) [71, 72] . The distribution of the fluorophores in a pixel on the membrane can be written as [69] 
where C 0 is a constant, d (·) is the Dirac delta function, and z d is the average height of the membrane in global coordinate system at pixel (x, y). As the distribution of fluorophores in the membrane is known as a function of ( q f ¢ ¢ z, , ) , we convert the variables of integration in equation where μ x , μ y , and μ z can be expressed as functions of θ, q¢, f, and f¢ from equation (2) . Therefore, after appropriate substitutions, equation (1) can be written as where  ( ) Q z and^( ) Q z are the collection efficiencies of parallel and perpendicular dipoles, respectively, and h = ( ) ( ) ( ) z P z P z , where  ( ) P z and^( ) P z are the total powers dissipated by dipoles oriented parallel and perpendicular to the interface, respectively [34, 69] . We calculate  ( ) P z and^( ) P z for the designed TPCE structure using the mathematical formulation presented in [70] . In figure 5, we show h ( ) z ,  ( ) P z , and ( ) P z for the designed TPCE structure. Although the total emitted power from a fluorophore near the metal film, i.e., when » z 0, is very large, all that power is non-radiatively dissipated as heat in the metal film. The weighting functions
depend on the polarization of the excitation field, and position and orientation of the membrane. The weighting functions represent the amount of horizontal and vertical dipoles excited by the excitation light E ex . We will note that z and q¢ are replaced by z d and p 2, respectively, in equation (7).
P-polarized excitation
If p-polarized excitation light with a constant amplitude E 0 is incident from the substrate at an angle q p , which is greater than the critical angle -( ) n n sin where k 0 is the free space wavevector, and n s and n c are the refractive indices of substrate and sample layers, respectively. The imaginary factor j with k z denotes the evanescent nature of the excitation field inside the sample layer. Maxwell's equation in Fourier space requires = · k E 0 ex , where E ex is the phasor of the excitation electric field. Therefore,
where E x and E z are the x and z components of the phasor of excitation electric field. Equation which means that there is a quadrature phase delay between x and z components of the excitation field as the evanescent field created by p-polarized light is elliptically polarized [73, 74] . Therefore, the excitation field can be written as The p-polarized excitation will cause the fluorophores to emit light, which will come out of the glass substrate in two reflectance minima angles q 1 and q 2 . If we refer fluorescence intensities collected around q 1 and q 2 as I 1 and I 2 , respectively, we can write The collection efficiencies^( ) Q z ) represent the power collected around the collection angle q 1 (q 2 ) for vertical and horizontal dipoles, respectively, situated at a height z. As the emission from a vertical dipole is p-polarized, the collection efficiency for a vertical dipole at the s-polarized emission angle q 2 is very small compared to that at the p-polarized emission angle q 1 , i.e.,^ ( ) ( ) Q z Q z 1 2 . Also, the p-polarized emission from a horizontal dipole is very small, i.e., 
Therefore, the ratio of the two intensities in equation (19) can be written as strong dependence on f and provides information about the orientation of the membrane.
Imaging procedure
In this section, we summarize the steps required for imaging the cell membrane topography using the proposed TPCE-based scheme as follows:
Step 1: The sample is excited with p-polarized light incident at the p-polarized reflectance minimum angle q p . The fluorophore labels of the sample radiate and TPCE at the substrate side occurs at two angles q 1 and q 2 . The images that result from the collection of fluorescence intensity around q 1 and q 2 , i.e., I 1 p and I 2 p , are captured separately.
Step 2: The ratio image I I p p 1 2 is calculated pixel-bypixel. The ratio image I I p p 1 2 will have a high value at pixels where the membrane-normal direction is perpendicular to the global z-axis and a low value where the membrane-normal direction is parallel to the global z-axis.
Step 3: The sample is then excited with s-polarized light incident at the s-polarized reflectance minimum angle q s . The fluorophore labels of the sample radiate and TPCE at substrate side occurs at two angles q 1 and q 2 . The images that result from the collection of fluorescence intensity around q 1 and q 2 , i.e., I 1 s and I 2 s , are captured separately.
Step 4: The ratio image I I s s 1 2 is calculated pixel-by-pixel. The ratio image I I s s 1 2 will have a high value at pixels where the membrane area vector is azimuthally normal with the incident x-z plane and is normal to the global z axis.
Image of a membrane
We now calculate images of a hypothetical diI-labeled plasma membrane using the developed mathematical models given in equations (14) and (18) when the proposed and pTIRFM techniques are applied. We assume that a sample of fluorescently labeled membrane is fusing a spherical granule that has a radius of 150 nm. The topography of the sample cell membrane, i.e., the distance of the membrane from the metal layer is shown in figure 11 . Three regions of the membrane, named A, B and C, are selected and marked with rectangles in figure 11 . The respective values of membrane-normal angles (θ, f) at the center of the rectangle in these regions are given in table 2. Although, in practice, the point spread function (PSF) of the imaging optics will be much broader, we assume the PSF to be a Dirac impulse function d ( ) x y , in our calculation for the proposed and pTIRFM techniques [55] . The images captured with a broad PSF can be calculated by two-dimensional convolution of the images obtained in this work with the actual PSF.
In figure 12 , we show the calculated images obtained from steps 1 and 2 of the imaging procedure. The parts of the image that are from regions A, B, and C of the membrane are marked with same color-coded rectangles as in figure 11 . We note that I 1 p shows peak values at regions where the membrane-normal direction is perpendicular to the z-axis, as we find in regions A and B. We also note that I 2 p has a relatively high value in region C, where the membrane normal is in the z-direction and all the dipoles have horizontal moments. As expected from figure 6, images obtained by p-polarized excitation provide θ information, but do not show noticeable change with f, which is evident from the comparison of regions A and B in the image. The ratio image I I p p 1 2 is shown in figure 12(c) , which reaches maximum at positions where q p = 2, such as in regions A and B. We show the calculated images obtained from steps 3 and 4 in figure 13 . We note that, although regions A and B both have q p = 2, they show different I s 1 and I s 2 values due to their different f values as given in table 2. Therefore, images captured by s-polarized excitation provide information about the f-orientation of the cell membrane. Also, s-polarized excitation light only excites dipoles with horizontal moment. Therefore, I 1 s and I 2 s have a small value in region A, where the dipole moments are oriented in the x-z plane. The image intensity I s 2 at region C is very 
high due to s-polarized excitation of horizontal dipoles. The ratio image I I s s 1 2 reaches maximum at region A, where q p = 2 and f p = 2, as expected from figure 10. Although q p = 2 at region B, the intensity is low as f p = .
In figure 14 , we show the calculated images obtained by using a pTIRFM technique, where the sample is directly placed on the top of a plane glass substrate. Typical TIRFM structures do not emit radiation sharply in one direction but over a broad range of angles. Therefore, an image is collected for an excitation by focusing the total radiation toward the image plane. Figures 14(a) and (b) show the images that are created for p-and s-polarized excitations. The ratio of the images is shown in figure 14(c) . We note that the calculated images are similar to the ones given in [23] . The θ and f information is convoluted in the ratio image. We note that I p t shows only θ dependence, as evident by the approximately equal values at regions A and B.
We note that the dynamic range of the ratio images obtained by the proposed method, as shown in figures 12(c) and 13(c), is ∼10 times greater than the ratio image obtained by the conventional pTIRFM technique, as shown in figure 14 (c). The reason behind this is that the contribution of horizontal and vertical dipoles are both present in images of figures 14(a) and (b). By contrast, they are isolated in the proposed method, which is obvious if we compare the backgrounds in figures 12(a) and 14(a).
To quantitatively assess the quality of the image obtained by the proposed technique with that obtained by a pTIRFM technique, we calculate the SSIM of the images with respect to a reference image. SSIM is a widely used metric in digital image processing for similarity comparison between images [75] . SSIM assesses the visual impact of changes in image luminance, contrast, and structure between an image and a reference image regarded as of perfect quality [76] . We create two images q ( ) I x y , and f ( ) I x y , in figure 15 for the membrane in figure 11 . The images q ( ) I x y , and f ( ) I x y
, contain values of θ and f | |at each pixel (x, y). We calculate SSIM of the images obtained by the proposed and pTIRFM techniques taking q ( ) I x y , and f ( ) I x y , as references. We present the maximum SSIM index values from each techniques in table 3. The SSIM between two images can have a maximum value of 1, which means 100% structural match between the images. The I 1 p image acquired by the proposed method shows ∼77% match with I θ , and thus, successfully extracts the θ information of the membrane, whereas the pTIRFM technique shows a maximum ∼16% match with I θ . Similarly, the proposed technique shows a maximum ∼73% match with I f , whereas the pTIRFM technique shows a maximum ∼10% match with I f .
Conclusion
A clear image of the cell membrane topography is important to understand a cell's interactions with its environment, which is fundamental to most activities in a living organism. An image of the cell membrane topography with a better contrast ratio with respect to the background than that already available using pTIRFM will enable us to interpret the details of the biological phenomena that cause a change in the topography of the cell membrane with greater accuracy. We proposed a new microscopy technique based on TPCE, where the cell membrane is placed on a metal layer, which is attached to a one-dimensional photonic crystal. We showed that by appropriately designing the one-dimensional photonic crystal, the sample can be excited separately by p-and s-polarized incident light. The one-dimensional photonic crystal can also be designed to collect the radiation of the vertically and horizontally oriented fluorophores separately. Polarization-specific excitation of the sample and orientation-dependent collection of the radiated fluorescence help to create an image of the sample that has a greater contrast ratio with respect to the background noise than that of the image created using a pTIRFM technique. The image created using the proposed technique also shows a greater SSIM with a reference image, when compared to that using a pTIRFM technique. 
